INTRODUCTION {#s1}
============

Mammalian spermatogenesis requires chromatin to undergo small- and large-scale changes that involve dynamic epigenetic regulation. Homologous chromosomes synapse, double-strand breaks in DNA are created and resolved, chromosomes segregate, and histones are replaced by protamines \[[@i0006-3363-94-1-8-b01]\]. In order to accomplish these tasks, developing germ cells take advantage of a combination of chromatin modulations, including ATPase-dependent chromatin remodeling \[[@i0006-3363-94-1-8-b02], [@i0006-3363-94-1-8-b03]\].

ATP-dependent chromatin remodeling utilizes ATP hydrolysis to selectively mobilize nucleosomes leading to localized areas of nucleosome-depleted chromatin \[[@i0006-3363-94-1-8-b04]\]. These events are required for a wide variety of cellular and biological processes, including transcription, replication, and DNA repair \[[@i0006-3363-94-1-8-b05]\]. Recent reports have shown that chromatin-remodeling events play critical roles during early meiotic stages of germ cell development \[[@i0006-3363-94-1-8-b06]\]. As numerous protein complexes harbor ATPase-dependent chromatin-remodeling activity, defining the roles of each is critical to understanding their relevance during gametogenesis.

Chromatin-remodeling complexes have been grouped into four major families \[[@i0006-3363-94-1-8-b04]\]. Several are known to have potent roles throughout male germ cell development. The SWI/SNF complex is active early during spermatogenesis. The catalytic subunit, BRG1, is required for homologous recombination (HR), and the ablation of this subunit results in arrest at the pachytene stage of meiosis I \[[@i0006-3363-94-1-8-b07], [@i0006-3363-94-1-8-b08]\]. The imitation switch (ISWI) and chromodomain helicase DNA-binding (CHD) complexes function comparatively late in this process, with postmeiotic phenotypes associated with spermiogenesis and fertilization \[[@i0006-3363-94-1-8-b09][@i0006-3363-94-1-8-b10][@i0006-3363-94-1-8-b11][@i0006-3363-94-1-8-b12]--[@i0006-3363-94-1-8-b13]\]. These observations indicate that chromatin-remodeling activity is involved in a wide variety of activities throughout spermatogenesis. One family of chromatin remodelers whose involvement during mammalian germ cell development has yet to be elucidated is INO80. This family includes the INO80, SRCAP, and TIP60 complexes \[[@i0006-3363-94-1-8-b14]\]. Importantly, previously described DNA double-strand break repair functions make the INO80 complex a prime candidate for a critical role early in spermatogenesis.

The INO80 chromatin remodeler is a multisubunit chromatin-remodeling complex that is active in a variety of cellular processes, most notably the repair of DNA damage \[[@i0006-3363-94-1-8-b15], [@i0006-3363-94-1-8-b16]\]. Yeast INO80 is localized to sites of DNA double-strand breaks by the presence of phosphorylated H2AX (γH2AX) and is responsible for evicting this histone variant \[[@i0006-3363-94-1-8-b17]\]. Mammalian cell lines that have been depleted for INO80 demonstrate an increased sensitivity to DNA-damaging agents and an inability to repair double-strand breaks \[[@i0006-3363-94-1-8-b18]\]. Like SWI/SNF, complete loss of INO80 is lethal at the earliest embryonic stages \[[@i0006-3363-94-1-8-b19]\]. Both complexes share a single subunit in common, BAF53A, an actin-related regulatory protein. In contrast to SWI/SNF, the INO80 complex incorporates three ATPase subunits, INO80 the core ATPase subunit, as well as two additional ATPase-containing helicases, RUVBL1 and RUVBL2 \[[@i0006-3363-94-1-8-b20]\]. As the catalytic subunit of the complex, the INO80 core ATPase presents a potent target for addressing the developmental contributions of the complex.

In this study, we present the first tissue-specific knockout of *Ino80*. Our findings indicate that the INO80 complex is involved in coordinating DNA repair via HR. We show that INO80 expression peaks during early meiosis and that developing spermatocytes lacking the core ATPase subunit die at these stages due to an inability to fully synapse homologous chromosomes and complete meiotic recombination. These defects suggest a potent involvement for INO80 during meiosis that is not compensated for by the SWI/SNF complex. Therefore, meiotic recombination during spermatogenesis requires the presence of both the SWI/SNF and INO80 complexes.

MATERIALS AND METHODS {#s2}
=====================

INO80 Conditional Deletion Mouse Model {#s2a}
--------------------------------------

Mice harboring an INO80 conditional allele were obtained from the EUCOMM site at Institut Clinique de la Souris (IKMC Project ID: 35678). The allele features a floxed sixth exon inserted with a LacZ gene trap cassette upstream (Supplemental Fig. S1; available online at [www.biolreprod.org](www.biolreprod.org)). The gene trap was flanked by *Frt* sites and removed through breeding to mice containing a constitutive *Flpe* transgene. Proper targeting of the construct was determined through long-range PCR assay. Primers used for this assay were a gene-specific forward primer 5′-GTGCCATCTTGCCTGACTCCTTAGATTATG and cassette-universal reverse primer 5′-CACAACGGGTTCTTCTGTTAGTCC.

*Ino80* floxed and *Stra8Cre* \[[@i0006-3363-94-1-8-b21]\] mice were maintained on C57BL/6Tac and C57BL/6J backgrounds, respectively, and were intercrossed to obtain *Ino80^Δ/+^; Stra8Cre^+^* animals. Males of this genotype were crossed to *Ino80^fl/fl^* females to obtain wild-type and *Ino80^cKO^* (see below) animals for this study. Genotyping primers for *Ino80* used in this study were: forward 5′-TGGCACCTTTCCAGTCTTTG and reverse 5′-GCTGTGTGTAGTGGTACATA. *Stra8Cre*-specific genotyping primers were: forward 5′-GTGCAAGCTGAACAACAGGA and reverse 5′-AGGGACACAGCATTGGAGTC. All the animal work was performed in accordance with Institutional Animal Care and Use Committee protocols at the University of North Carolina-Chapel Hill.

RNA Isolation and RT-PCR {#s2b}
------------------------

Total RNA from whole individual tissues was extracted from an adult wild-type animal using the TRIzol Reagent method (Invitrogen) followed by cleanup using the RNeasy column (Qiagen) and DNase1 (Ambion) treatment. To analyze transcript levels of *Ino80* in individual tissues, quantitative RT-PCR was performed using SsoFast EvaGreen Supermix (Biorad) and analyzed on a CFX96 thermal cycler using CFX Manager Software (Biorad). INO80 quantitative PCR primers used for this assay were: forward 5′-GAAGATGGTGGCTGTAAG and reverse 5′-GATGTCCTGCTGATTGAG.

Testis Histology {#s2c}
----------------

Whole testes from adult (8 wk old) wild-type and *Ino80^cKO^* animals were dissected and fixed in Bouin fixative solution (11-201; Fisher Scientific Ricca Chemical) at 4°C overnight. Tissues were dehydrated through a graded ethanol series containing lithium carbonate to quickly remove the yellow staining. Following paraffin embedding, 7 μm sections were obtained on a Leica RM2165 microtome. Stains including hematoxylin and eosin and periodic acid-Schiff (PAS) were performed by the Animal Histopathology Core at the University of North Carolina at Chapel Hill. Staging of spermatogonial and spermatocyte cells were identified based on morphology as outlined in \[[@i0006-3363-94-1-8-b22]\] and \[[@i0006-3363-94-1-8-b23]\], respectively.

Tissue and Spermatocyte Spread Preparation {#s2d}
------------------------------------------

Whole testes from adult (5 or 8 wk old) wild-type and *Ino80^cKO^* animals were dissected and sections obtained as previously reported \[[@i0006-3363-94-1-8-b07]\]. In short, after dissection, testes were fixed in 4% paraformaldehyde in 1× PBS (46-013-CM; Cellgro) at 4°C overnight. Samples were washed and dehydrated through a sucrose series and embedded in optimal cutting temperature compound (Sakura Rinetek). Tissue sections were obtained at 8 μm thickness on a Leica CM3050S cryostat. Prior to immunofluorescence staining, slides were washed in 1× PBS and permeabilized in 0.1% Triton in 1× PBS.

Alternatively, some testes were dissected and immediately embedded in optimal cutting temperature compound. Following sectioning, slides were washed in 1× PBS and then fixed for 10 min in ice-cold methanol before continuing with immunofluorescence-staining protocols.

Spermatocyte nuclear spreads were prepared as described previously \[[@i0006-3363-94-1-8-b24]\]. In short, testes were dissected and the tunica albuginea removed before the tubules were placed in hypotonic extraction buffer (30 mM Tris, pH 8.2, 50 mM sucrose, 17 mM citrate, 5 mM ethylenediaminetetraacetic acid, 0.5 mM dithiothreitol, and 0.1 mM phenylmethanesulfonyl fluoride) for 10 min. Tubules were then minced in 100 mM sucrose solution and spun down to remove large tissue fragments. The supernatant was spread 1:1 with a 1% paraformaldehyde solution on slides and incubated overnight in a humidified chamber. Dried slides were washed in 1× PBS/Photo-flo and stored at −80°C prior to immunofluorescence staining.

Spermatocyte spreads were staged for prophase I of meiosis I by the immunofluorescent-costaining patterns of several conventional meiotic factors. These include monitoring the condensation of the synaptonemal complex proteins 1 and 3 (SCP1 and SCP3), which mark transverse and axial elements, respectively. These patterns were contrasted with the localization of phosphorylated H2AX, a marker of unrepaired DNA breaks. Representative images for the staging of meiocytes can be seen in Figs. 3, A--C and 4, A--C.

Immunofluorescence Staining {#s2e}
---------------------------

Tissue section or nuclear spread slides were blocked in 5% bovine serum albumin for 1--3 h and incubated in predetermined concentration of primary antibody overnight at 4°C. The following day, slides were washed in PBS/Tween-20 and incubated for 1 h in Alexa-conjugated secondary antibody. Slides were mounted in Prolong Gold antifade medium (P-36931; Life Technologies). Antibodies were used as following: rabbit anti-ATR (1:200, PC538; Calbiochem), rabbit anti-BRCA1 (1:200, 07-434; Millipore), rabbit anti-FANCD2 (1:200, 2986-1; Epitomics), rabbit anti-HORMAD1 (1:200, GTX 119236; GeneTex), mouse anti-H2AX (1:800, 05-636; Millipore), rabbit anti-INO80 (1:200, 18810-1-AP; ProteinTech), rabbit anti-INO80 (1:200, 105451; Abcam), mouse anti-MLH1 (1:500, 51-1327GR; BD BioScience), rabbit anti-replication protein A (RPA) (1:100, IHC-00409; Bethyl Lab), rabbit anti-SCP1 (1:500, GTX15087; GeneTex), mouse anti-SCP3 (1:500, ab97672; Abcam), and rabbit anti-SCP3 (1:500, ab15093; Abcam). Secondary antibodies were highly cross-absorbed goat immunoglobulin G conjugated with fluorescent dyes Alexa Fluor 488, 568, or 647 (1:500, Invitrogen). All imaging in this study was completed using a Zeiss AxioImager-M2 (Carl Zeiss).

RESULTS {#s3}
=======

INO80 Is an Essential Meiotic Factor {#s3a}
------------------------------------

In order to determine a potential in vivo role for the INO80 chromatin-remodeling complex, we analyzed the expression of the core ATPase subunit across a cross section of male adult mouse tissues. INO80 expression was detectable in a majority of these tissues, with the highest expression in the testis ([Fig. 1](#i0006-3363-94-1-8-f01){ref-type="fig"}A). Reported roles for INO80 involvement in DNA repair \[[@i0006-3363-94-1-8-b19], [@i0006-3363-94-1-8-b25][@i0006-3363-94-1-8-b26]--[@i0006-3363-94-1-8-b27]\] made it important to identity the population within the testis that expressed INO80. We detected the presence of INO80 in the spermatocyte population within the seminiferous tubules, colocalizing in developing germ cells with the synaptonemal complex protein SCP3 ([Fig. 1](#i0006-3363-94-1-8-f01){ref-type="fig"}B). This stage of meiotic prophase I coincides with timing of the DNA repair associated with the formation of crossovers and recombination.

![INO80 expression during spermatogenesis. **A**) RT-PCR analysis of *Ino80* mRNA expression from a panel of adult mouse tissues. Error bars: mean ± SEM. **B**, **C**) Testis sections showing seminiferous tubules costained for INO80 and SCP3 in wild-type (**B**) and *Ino80^cKO^* (**C**) animals. Insets show magnified view of the outer edge corresponding to the marked area from the respective section. Bars = 50 μm. **D**) Quantification of the percentage of seminiferous tubules expressing INO80 protein in wild-type and *Ino80^cKO^* animals. Tubules were scored for the presence of INO80 as defined by immunofluorescent staining colocalizing with SCP3 in developing germ cells (grey) or the absence of INO80 signal in the SCP3 population (black). **E**) Whole mount comparison of testes dissected from wild-type and *Ino80^cKO^* 8-wk-old littermate animals. **F**, **G**) Hematoxylin and eosin stained histological sections of representative tubules within the cauda epididymis of 8-wk-old wild-type (**F**) and *Ino80^cKO^* (**G**) littermate animals. Bars = 100 μm.](i0006-3363-94-1-8-f01){#i0006-3363-94-1-8-f01}

We obtained a conditional deletion allele for the INO80 core ATPase subunit, which contained a floxed sixth exon. Once exposed to Cre recombinase, the targeted exon was excised, leading to a frameshift and premature stop codon upstream of the previously described Snf2 or helicase functional domains (Supplemental Fig. S1A) \[[@i0006-3363-94-1-8-b20]\]. In order to convert this allele into a conditional allele, we utilized FLP-recombinase to excise a gene trap upstream of the floxed exon. Founder animals from this line were tested for correct targeting and orientation of the transgene cassette through a long-range PCR assay. A gene-specific primer binding upstream of the insertion site was paired with a primer internal to the cassette, creating a PCR product if the cassette was inserted in the correct location and orientation. This product was obtained in both male founder animals and was absent in controls, indicating the correct arrangement of the targeting cassette in the conditional allele (Supplemental Fig. S1B).

Initial analysis of the effectiveness of the INO80 conditional allele was performed by intercrossing heterozygous animals carrying the gene trap allele, and no homozygous progeny were obtained from these matings. This was expected based on recent reports showing *Ino80* nullizygous animals to be lethal at early embryonic stages \[[@i0006-3363-94-1-8-b19]\]. Based on these results, we determined the *Ino80* conditional allele to be an effective tool for eliminating the INO80 gene product in specific biological systems.

In order to evaluate the role for INO80 during spermatogenesis, we crossed the *Ino80* conditional allele with the *Stra8Cre* driver \[[@i0006-3363-94-1-8-b21]\], ablating *Ino80* in the premeiotic spermatogonial population. We confirmed the loss of INO80 by immunofluorescence where spermatocytes expressing the meiotic marker SCP3 costained negatively for INO80, while expression was maintained in cells from the outer portion of the tubule containing both somatic support cells and premeiotic spermatogonia ([Fig. 1](#i0006-3363-94-1-8-f01){ref-type="fig"}C). Quantification of fluorescence indicated that exposure to *Stra8Cre* ablated *Ino80* completely in \>80% of seminiferous tubules within mutant testes ([Fig. 1](#i0006-3363-94-1-8-f01){ref-type="fig"}D).

To determine the effect of ablating INO80 during spermatogenesis, *Ino80^Δ/fl^; Stra8Cre^+^* (referred to as *Ino80^cKO^*) testes were analyzed. These animals had dramatically smaller testes than age-matched control animals ([Fig. 1](#i0006-3363-94-1-8-f01){ref-type="fig"}E). In addition, *Ino80^cKO^* males were sterile, siring no litters when placed with wild-type CD1 females. The sterility of *Ino80^cKO^* animals was consistent with the lack of mature sperm in the epididymis as compared to the dense populations seen in wild-type animals ([Fig. 1](#i0006-3363-94-1-8-f01){ref-type="fig"}, F and G).

Upon closer inspection, *Ino80^cKO^* testes exhibited defects in meiosis. Low magnification images of PAS-stained testis sections taken from 8-wk-old animals demonstrated that the tubules within the *Ino80^cKO^* testes were smaller in size and more sparsely populated with developing germ cells ([Fig. 2](#i0006-3363-94-1-8-f02){ref-type="fig"}, A and B). When viewed at higher magnifications, the individual tubules showed significant defects in spermatogenesis. In wild-type testes, all tubules contained the full complement of spermatogenic stages, ranging from spermatogonia to elongating spermatids ([Fig. 2](#i0006-3363-94-1-8-f02){ref-type="fig"}C). In contrast, the tubules within *Ino80^cKO^* testes displayed arrested meiotic progression ([Fig. 2](#i0006-3363-94-1-8-f02){ref-type="fig"}D). The majority of tubules (62%) contained a developing germ cell population up to and including meiotic spermatocytes, with no postmeiotic population, indicating a block during meiosis ([Fig. 2](#i0006-3363-94-1-8-f02){ref-type="fig"}D, left and center panels, quantified in [Fig. 2](#i0006-3363-94-1-8-f02){ref-type="fig"}E). Only 22% of tubules contained later-stage spermatid populations; however, the structure of these tubules appeared compromised ([Fig. 2](#i0006-3363-94-1-8-f02){ref-type="fig"}D, right panel, and 2E). This spermatogonial failure and loss of cellularity within the *Ino80^cKO^* tubules did not appear to result from a loss of the premeiotic spermatogonial population because \<3% of tubules had lost this population leaving empty tubules devoid of germ cells ([Fig. 2](#i0006-3363-94-1-8-f02){ref-type="fig"}E). These observations demonstrate that the loss of INO80 during spermatogenesis caused a meiotic defect leading to sterility.

![*Ino80^cKO^* spermatocytes stall in prophase I of meiosis. **A**, **B**) Low-magnification PAS-stained histological testis sections from 8-wk-old wild-type (**A**) and *Ino80^cKO^* (**B**) littermate animals. Bars = 200 μm. **C**, **D**) Representative high-magnification PAS-stained tubules from testes sectioned from **A** and **B**. Bars = 50 μm. **E**) Quantification of seminiferous tubules based on the stage of the most advanced cell type in wild-type (grey) and *Ino80^cKO^* (black) animals. Error bars: mean ± SD. **F**) Quantification of the proportion of spermatocytes in individual meiotic prophase I stages from wild-type (grey) and *Ino80^cKO^* (black) testes. Staging were determined by SCP1 and SCP3 immunofluorescent staining of spermatocyte spreads.](i0006-3363-94-1-8-f02){#i0006-3363-94-1-8-f02}

Synapsis Is Impaired in *Ino80^cKO^* Spermatocytes {#s3b}
--------------------------------------------------

Given the failure of spermatogenesis in the *Ino80^cKO^* mice, we tested how meiotic progression was affected in these animals. The majority of wild-type prophase I meiocytes existed in the pachytene stage (64%). This ratio was skewed in the *Ino80^cKO^* spermatocytes ([Fig. 2](#i0006-3363-94-1-8-f02){ref-type="fig"}F). *Ino80^cKO^* meiocytes displayed a reduced ability to enter the pachytene and diplotene stages (15% and 2%, respectively). The bulk of mutant meiocytes were arrested at the zygotene stage (63%). The presence of spermatocytes that were able to complete meiosis normally was likely due to inefficiencies in *Stra8Cre,* allowing residual populations to complete critical meiotic functions unperturbed.

Staging of *Ino80^cKO^* spermatocytes with the meiotic markers SCP1 and SCP3 emphasized the meiotic defect. As a cell enters meiosis, the chromosomes begin to condense and SCP3 coats the axial elements. Then as homologous chromosomes synapse, SCP1 forms transverse elements between the individual axes. Therefore, once a spermatocyte enters pachytene, all of the autosomes should be completely coated by both SCP1 and SCP3, and the sex chromosomes should be coated at the pseudoautosomal region \[[@i0006-3363-94-1-8-b28]\]. In control populations, this process was completed uniformly, with synapsis completing on all the autosomes ([Fig. 3](#i0006-3363-94-1-8-f03){ref-type="fig"}, A--C).

![*Ino80^cKO^* spermatocytes fail to complete synapsis of homologous chromosomes. Comparison of immunofluorsecent staining of SCP3 (lateral elements: red) and SCP1 (transverse elements: green) in wild-type (**A**--**C**) and *Ino80^cKO^* (**D**--**G**) 8-wk-old spermatocyte spreads. **H**--**K**) Overlay of SCP3 with HORMAD1 in *Ino80^cKO^* spermatocytes. Staging of spermatocytes was determined by the patterns of SCP1 and SCP3 costaining. Open arrows indicate sex chromosomes; closed arrows indicate areas of incomplete synapsis on autosomes.](i0006-3363-94-1-8-f03){#i0006-3363-94-1-8-f03}

In contrast *Ino80^cKO^* spermatocytes showed aberrations in synapsis. Mutant meiocytes progressed to an abnormal pachytene stage characterized by persistent patterns of asynapsis on either whole or partial portions of chromosomes. These pairing defects were present on the chromosomal axis where SCP3 localized without the presence of transverse element SCP1 ([Fig. 3](#i0006-3363-94-1-8-f03){ref-type="fig"}, D--G, closed arrows). While meiosis appeared to initiate properly in *Ino80^cKO^* spermatocytes ([Fig. 3](#i0006-3363-94-1-8-f03){ref-type="fig"}D), a wide range of synaptic defects quickly became evident. Under normal conditions, the X and Y chromosomes exhibited colocalization of SCP1 and SCP3 only at the pseudoautosomal region ([Fig. 3](#i0006-3363-94-1-8-f03){ref-type="fig"}B). Instead, we observed abnormal pachytene spreads where pairing of the sex chromosomes was defective ([Fig. 3](#i0006-3363-94-1-8-f03){ref-type="fig"}E). Incomplete autosomal synapsis was apparent on entire chromosomes ([Fig. 3](#i0006-3363-94-1-8-f03){ref-type="fig"}, E and F, closed arrows) or restricted to the chromosomal ends ([Fig. 3](#i0006-3363-94-1-8-f03){ref-type="fig"}G). The synapsis defects that were observed indicated that INO80 activity was involved in this process. Importantly, it has been shown that defects in synapsis, particularly of the sex chromosomes, are sufficient to activate a pachytene checkpoint, preventing the continued development of defective spermatocytes \[[@i0006-3363-94-1-8-b29]\].

Consistent with synaptic defects caused by *Ino80* loss, we observed colocalization of SCP3 with HORMAD1 in mutant spermatocytes. HORMAD1 is a meiotic factor that localizes to asynapsed portions of homologous chromosomes in order to prevent HR between sister chromatids \[[@i0006-3363-94-1-8-b30]\]. Spermatocytes in prophase I showed localization of HORMAD1 to the unpaired portions of the homologous chromosomes in a pattern opposite to that of SCP1 ([Fig. 3](#i0006-3363-94-1-8-f03){ref-type="fig"}, I--K, closed arrows). Together these data suggested that in the absence of INO80 activity, synapsis of homologous chromosomes was impaired.

Repair of DNA Damage in *Ino80^cKO^* Spermatocytes Is Defective {#s3c}
---------------------------------------------------------------

In addition to a defect in synapsis, developing spermatocytes in *Ino80^cKO^* animals maintained latent levels of unrepaired DNA breaks. Early in meiosis, SPO11 creates hundreds of DNA double-strand breaks spanning each chromosome \[[@i0006-3363-94-1-8-b31]\]. As meiocytes progress through prophase I, the phosphorylated form of histone variant H2AX (γH2AX) marks sites of unrepaired breaks throughout the nucleus, and as DNA repair progresses, it regresses to the sex body \[[@i0006-3363-94-1-8-b32]\]. This process occurred normally in wild-type spermatocytes, where a single sex body-specific focus of γH2AX was observed by the pachytene and diplotene stages of prophase I ([Fig. 4](#i0006-3363-94-1-8-f04){ref-type="fig"}, A--C). In *Ino80^cKO^* spermatocytes, aberrant foci of γH2AX persisted into these later stages ([Fig. 4](#i0006-3363-94-1-8-f04){ref-type="fig"}, E--G). We observed latent DNA damage on several of the autosomes regardless of their status of synapsis. As expected, spreads showing extensive asynapsis continued to display hallmarks of DNA damage ([Fig. 4](#i0006-3363-94-1-8-f04){ref-type="fig"}E). Alternatively, many *Ino80^cKO^* spreads showing complete synapsis continued to have γH2AX localized to one or more of the autosomes ([Fig. 4](#i0006-3363-94-1-8-f04){ref-type="fig"}, F and G).

![Latent unrepaired DNA breaks in *Ino80^cKO^* spermatocytes. Distribution of SCP3 (red) with γH2AX (green), a marker of DNA breaks in wild-type (**A**--**C**) and *Ino80^cKO^* (**D**--**G**) spermatocyte spreads. Staging of spermatocytes was determined by the pattern of SCP3 staining. Open arrows indicate the sex chromosomes; closed arrows indicate areas of incomplete synapsis on autosomes.](i0006-3363-94-1-8-f04){#i0006-3363-94-1-8-f04}

Further analysis of DNA repair factors demonstrated a failure in processing meiotic-associated DNA damage in *Ino80^cKO^* spermatocytes. MLH1 is a meiotic factor involved in promoting the repair of DNA breaks into crossovers between the synapsed homologous chromosomes \[[@i0006-3363-94-1-8-b33]\]. In wild-type spermatocytes, each pair of homologs formed at least one crossover site, marked by a focus of MLH1 ([Fig. 5](#i0006-3363-94-1-8-f05){ref-type="fig"}A). This process was affected in *Ino80^cKO^,* where the abnormal pachytene spermatocytes, specifically those harboring synapsis defects on at least one homologous pair, demonstrated a complete absence of MLH1 foci on any of the chromosomes in the nucleus ([Fig. 5](#i0006-3363-94-1-8-f05){ref-type="fig"}B). Some spermatocytes displayed normal MLH1 foci, likely corresponding to a population maintaining *Ino80* expression. The striking lack of MLH1 foci in the abnormal spermatocyte population is indicative of a failure in the pathway that leads to the formation of meiotic crossovers.

![Failure to repair DNA damage and form crossovers in *Ino80^cKO^* spermatocytes. **A**, **B**) Distribution of crossover marker MLH1 (green), costained against SCP3 (red) in pachytene-staged spermatocyte spreads from wild-type (**A**) and *Ino80^cKO^* (**B**) spermatocytes. **C**, **D**) Distribution of ssDNA binding factor RPA in the same populations. Insets show magnified view of a representative autosomal chromosome corresponding to the marked area from the respective spermatocyte spread.](i0006-3363-94-1-8-f05){#i0006-3363-94-1-8-f05}

In order to determine the DNA repair pathway affected in *Ino80^cKO^* spermatocytes, we surveyed the localization of several DNA repair factors. Single-stranded DNA (ssDNA) binding factor RPA binds ssDNA that is created as a result of DNA damage and is involved in several repair pathways \[[@i0006-3363-94-1-8-b34]\]. During meiosis, RPA binds to ssDNA following SPO11-induced DNA damage. Under normal conditions RPA, like γH2AX, localized ubiquitously on the chromosomal axes and regressed to the sex chromosomes as the repair is completed during the pachytene stage ([Fig. 5](#i0006-3363-94-1-8-f05){ref-type="fig"}C). However, in many abnormal pachytene-stage spermatocytes from *Ino80^cKO^* animals, RPA foci were not resolved and lingered on the axes ([Fig. 5](#i0006-3363-94-1-8-f05){ref-type="fig"}D). We observed this pattern on both fully paired chromosomes and those with latent pairing defects, indicating a failure of DNA repair that occurs irrespective of synaptic completion.

The presence of RPA on the chromosomal axes indicated that early processing events occurred properly, but its continued localization suggested that INO80 might be involved in the completion of later stages of DNA damage repair. To test this hypothesis, we analyzed the expression and localization patterns of ATR, FANCD2, and BRCA1, which are all members of a repair pathway active in HR \[[@i0006-3363-94-1-8-b35]\]. ATR senses DNA double-strand breaks and can activate the Fanconi anemia DNA repair pathway \[[@i0006-3363-94-1-8-b36]\]. FANCD2 is subsequently ubiquitinated and colocalizes to sites of DNA damage with BRCA1 \[[@i0006-3363-94-1-8-b37]\].

We observed an interruption of the Fanconi anemia repair pathway. By the pachytene stage in wild-type spermatocytes, FA-BRCA1 pathway factors were absent from the autosomes, having regressed to the sex chromosomes ([Fig. 6](#i0006-3363-94-1-8-f06){ref-type="fig"}, A--C). In *Ino80^cKO^* spermatocytes, ATR and FANCD2 remained on the chromosomal axes of both fully and partially synapsed autosomes ([Fig. 6](#i0006-3363-94-1-8-f06){ref-type="fig"}, D and E). BRCA1 localized infrequently to asynapsed chromosomes where it would be expected ([Fig. 6](#i0006-3363-94-1-8-f06){ref-type="fig"}F). Aberrant localization of repair factors in mutant spermatocytes indicated that INO80 activity was intimately involved in facilitating repair of DNA breaks associated with meiotic recombination.

![FA-BRCA1 repair pathway factors localize to chromosomal axes. Distribution of factors from the FA-BRCA1 DNA repair pathway in pachytene-stage wild-type (**A**--**C**) and *Ino80^cKO^* (**D**--**F**) spermatocytes. Double staining of SCP3 (green) with repair factors (red), including ATR (**A**, **D**), FANCD2 (**B**, **E**), and BRCA1 (**C**, **F**). Insets show magnified view of a representative autosomal chromosome corresponding to the marked area from the respective spermatocyte spread.](i0006-3363-94-1-8-f06){#i0006-3363-94-1-8-f06}

DISCUSSION {#s4}
==========

Previous studies have determined that SWI/SNF chromatin-remodeling complexes are essential for meiosis \[[@i0006-3363-94-1-8-b07], [@i0006-3363-94-1-8-b08]\] and that CHD and ISWI complexes are required for postmeiotic processes \[[@i0006-3363-94-1-8-b09][@i0006-3363-94-1-8-b10][@i0006-3363-94-1-8-b11][@i0006-3363-94-1-8-b12]--[@i0006-3363-94-1-8-b13]\]. In this study we demonstrated that, like the SWI/SNF complex, the INO80 chromatin-remodeling complex is a required participant in meiosis. *Ino80^cKO^* spermatocytes were able to initiate the early stages of meiosis properly but began to arrest shortly thereafter. Mutant spermatocytes displayed a striking phenotype resulting from critical defects in DNA repair and synapsis, suggesting that INO80 is critical for the coordination of double-strand break repair and synapsis of homologous chromosomes. These two activities are inextricably linked, with one depending on the other. Disruption of these processes can activate mechanisms that prevent spermatocytes from progressing through meiosis until synapsis is completed \[[@i0006-3363-94-1-8-b29], [@i0006-3363-94-1-8-b38][@i0006-3363-94-1-8-b39]--[@i0006-3363-94-1-8-b40]\].

*Ino80^cKO^* spermatocytes showed severe defects in their ability to complete meiotic recombination. The majority of spermatocytes were arrested at the zygotene stage, while those that made it to later stages displayed disruption of the Fanconi anemia repair pathway, a mechanism of HR. Previous studies in yeast and mammalian cell lines support the involvement of INO80 in both HR, which is involved in forming meiotic crossovers, and nonhomologous end joining pathways \[[@i0006-3363-94-1-8-b41][@i0006-3363-94-1-8-b42]--[@i0006-3363-94-1-8-b43]\]. In particular, INO80 is involved in preparing the chromatin landscape for HR through the removal of variant histone H2A.Z at sites of DNA damage resulting from irradiation of cells in culture. INO80-mediated depletion of H2A.Z at break sites is crucial for replacement of RPA by RAD51 following resection \[[@i0006-3363-94-1-8-b44]\]. Additional support for INO80 involvement in HR is provided by the lack of MLH1 foci in abnormal *Ino80^cKO^* spermatocytes, indicating that the specification of crossover sites was disrupted in these cells. Importantly, chromatin architecture contributes to localization of recombination hotspots \[[@i0006-3363-94-1-8-b45]\]. Therefore loss of INO80 chromatin-remodeling activity may prevent the establishment of a chromatin structure permissive for crossover formation.

Importantly, the phenotypic consequences of INO80 loss resemble defects caused by experimental manipulation of the SWI/SNF complex. As with INO80, the conditional deletion of the ATPase subunit of the SWI/SNF complex leads to the depletion of spermatocytes during prophase I stages of meiosis, displaying a number of similar defects. These data suggest that these remodelers are unable to compensate for the absence of the other, particularly in their requirement during synapsis and recombination. However, the degree to which these complexes act nonredundantly is unclear. The ablation of both complexes would be required to uncover additional roles that may result in synthetic lethality.

There is precedent for functional interactions between chromatin-remodeling complexes in the regulation of the genome. For example, the yeast ISWI and RSC remodelers act antagonistically to position nucleosomes around the transcription start sites of specific genes. Double mutants for ISWI and RSC suppress the single mutant phenotypes, providing evidence that complexes are in competition \[[@i0006-3363-94-1-8-b46]\]. In addition, genomewide localization patterns of ATPase subunits of several remodeling complexes in murine cells suggest that a large portion of genomic targets are shared between complexes \[[@i0006-3363-94-1-8-b47]\]. It is unclear whether these patterns represent direct cooperative or antagonistic interactions between complexes at these loci. During spermatogenesis, interactions between remodelers could provide a mechanism for controlling important processes such as recombination. In this context, INO80 and SWI/SNF may be required for the regulation of a distinct set of meiotic functions, leading to similar phenotypic consequences in their absence. On the other hand, the complexes may act on the same targets, but their relationship, whether cooperative or antagonistic, requires the presence of both to complete. Therefore, parsing the relationships between INO80 and SWI/SNF will require further investigation into the mechanistic functions of these complexes during meiosis.
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